Abstract: Multi-clearance is the main cause for the performance and reliability decline of complicated mechanical systems. The increased clearance could induce contacts and impacts in joints, and consequently affect control accuracy. A nonlinear dynamic model of planetary gears with multi-clearance coupling is proposed in the current study to investigate the mechanism of influence of clearance on the dynamic performance. In addition, the coupling relationship between radial clearance and backlash is integrated into the multi-body system dynamics. The vibration characteristics of planetary gears with the changes of rotational velocity, clearance size and inertia load are explored. The numerical simulation results show that there are complex coupling relations in planetary gear systems, due to the multi-clearance coupling. The phenomenon of system resonance may occur with the changes of rotational velocities and clearances' sizes. Multi-clearance coupling can significantly increase the resonant response of planetary gear systems in empty-load or light-load states.
Introduction
With the increasing requirements for the performance of space mechanisms, the transmission joints, as the core components, have become the focus of attention. Planetary gears are widely used in aerospace applications, which include space manipulators, satellite antenna drive mechanisms and other spacecraft mechanisms [1] . The transmission system of the Canadian Manipulator and the European Manipulator on the International Space Station both use planetary gears for their advantages of compactness, high transmission ratio and low gear noise [2] . However, clearance in planetary gears are inevitable due to manufacturing and assembly errors, fatigue and wear. Moreover, those clearances cause contacts and impacts between gear sets, and consequently affect the control accuracy [3] [4] [5] [6] [7] . With the development of space technology, the high precision and high reliability of spacecraft mechanisms are increasingly required, thus research on the vibration characteristics of planetary gear systems is receiving more and more attention.
In theoretical research, Kahraman has presented a series of nonlinear time-varying dynamic models of planetary gears since 1994 [8] . The tooth surface wear model was established, and the influences of tooth surface wear on the dynamic responses of planetary gear systems were analyzed [9] . the vibration characteristics of the system, and clearance size, rotational velocity and load magnitude are also analyzed separately. This paper is organized as follows: Section 2 introduces the establishment process of dynamics model in planetary gear driven joint, and obtains the model of single gear and planetary gear with multi-clearance coupling. In Section 3, the accuracy of dynamic model with multi-clearance coupling is verified by numerical simulation. Then, the vibration characteristics of planetary gears with the changes of rotational velocity, clearance size and inertia load are explored. Finally, Section 4 includes a summary and the conclusions of the paper.
Dynamic Modeling of Planetary Gear Drive Joint
The 2K-H planetary gear reducer (shown in Figure 1 ), as an example of a typical joint system, is the current study object. The system is composed of four parts: sun gear (s), ring gear (r), planet carrier (c), and a certain number of planetary gears (p). Each planetary gear is fixed to the planet carrier through bearing, and can be freely rotated relative to the carrier. In order to establish the joint dynamics model of the planetary gear drive, the following assumptions are made:
(1) Each gear in joints is considered to be a rigid gear, neglecting the plastic deformation during contact collision; (2) The elastic deformation of drive shaft is neglected, and the only effect of radial run-out caused by bearing clearance on the dynamic characteristics of system is considered; (3) The joint system is assumed to be a planar system. In other words, the radial vibration at the bearing is equivalent to two-degree-of-freedom translational motion in the gear rotation plane, and the torsional vibration of gear is equivalent to single-degree-of-freedom rotation in the plane of rotation.
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Multi-Clearance Coupling Model
In a gear system, it is known that a radial clearance exists in bearings, and a backlash occurs between the teeth, so vibrations will occur in the clearance during the course of movement. Then the radial vibration at bearing lead to the change of gear's actual center distance, and the backlash will dynamically change. The appearance of dynamic backlash will affect the torsional vibration and even the whole vibration characteristics of the gear system. Therefore, the coupling clearance model with bearing radial clearance and backlash is established as shown in Figure 2 . 
In a gear system, it is known that a radial clearance exists in bearings, and a backlash occurs between the teeth, so vibrations will occur in the clearance during the course of movement. Then the radial vibration at bearing lead to the change of gear's actual center distance, and the backlash will dynamically change. The appearance of dynamic backlash will affect the torsional vibration and even the whole vibration characteristics of the gear system. Therefore, the coupling clearance model with bearing radial clearance and backlash is established as shown in Figure 2 . Figure 2 shows the multi-clearance coupling model of a single-pair gear pair. Here, gear p represent the driving gear and gear g represents the driven gear. Obp and Obg are defined as the bearing centers of the driving and driven gear, respectively. It is noteworthy that Orp (the rotation center of the driving gear) and Org (the rotation center of the driven gear) will deviate from the corresponding bearing center, due to the influence of the bearing's radial clearance. Thus, the vectors of above four points in the global inertia coordinate are defined as ebp, ebg, erp and erg, respectively. Then ebrp and ebrg define the radial clearance vectors which is the displacement error of diving and driven gear relative to bearing, respectively. Thus, the equations are written as: 
where cri (i = p, g) represents bearing radial clearance of driving or driven gear. Thus, the function fr (δri) can be used to describe the state of gear shaft and bearing during the collision: 
In Equation (4), the first condition represents the gear shaft and bearing without collision, while the second and third conditions represent a critical contact (impact force is zero) and a contact condition, respectively. In Figure 2 , the actual center distance epg between gears has changed due to the radial offset of the gear:
When the gear standard center distance is A0, and the initial engagement angle is α0. With the change of center distance, the actual meshing angle α' of gear varies as the following equation: Figure 2 shows the multi-clearance coupling model of a single-pair gear pair. Here, gear p represent the driving gear and gear g represents the driven gear. O bp and O bg are defined as the bearing centers of the driving and driven gear, respectively. It is noteworthy that O rp (the rotation center of the driving gear) and O rg (the rotation center of the driven gear) will deviate from the corresponding bearing center, due to the influence of the bearing's radial clearance. Thus, the vectors of above four points in the global inertia coordinate are defined as e bp , e bg , e rp and e rg , respectively. Then e brp and e brg define the radial clearance vectors which is the displacement error of diving and driven gear relative to bearing, respectively. Thus, the equations are written as:
(1)
The relative displacement relation between gear shaft and bearing in the radial direction can be represented as follows:
where c ri (i = p, g) represents bearing radial clearance of driving or driven gear. Thus, the function f r (δ ri ) can be used to describe the state of gear shaft and bearing during the collision:
In Equation (4), the first condition represents the gear shaft and bearing without collision, while the second and third conditions represent a critical contact (impact force is zero) and a contact condition, respectively. In Figure 2 , the actual center distance e pg between gears has changed due to the radial offset of the gear:
When the gear standard center distance is A 0 , and the initial engagement angle is α 0 . With the change of center distance, the actual meshing angle α' of gear varies as the following equation:
According to the involute geometry, taking the initial backlash b 0 into consideration, the dynamic backlash b t can be expressed as:
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where R p ' and R g ' are the radius of driving and driven gear reference circle respectively. α is the actual pressure angle. θ p and θ g are the angular displacement of driving and driven gear, respectively. e brpx and e brpy are components of clearance vector e brp in the x-axis and y-axis directions, respectively. e brgx and e brgy are components of clearance vector e brg in the x-axis and y-axis direction, respectively. Finally, the backlash function f g (g t ) is used to describe the motion state during gear meshing as shown in Equation (9):
In Equation (9), the first condition represents normal gear engagement, while the second and third conditions represent the occurrence of separation phenomenon of gear pair and double-sided impacts between a gear pair.
System Dynamics Model
In Figure 3 , there are n p number of planetary gears. Each gear body j (j = s, p i , c) is modeled as a rigid gear radius R j , angular displacement θ j , and mass moment of inertia I j . External torques T s and T c represent the input and output values. Between the planetary gear p i and gear n (s or r), K Gnpi , D Gnpi and b npi are the periodically time-varying meshing stiffness, the viscous damper coefficient and backlash, respectively. α is theoretically pressure angle. K Rpi and D Rpi are the nonlinear stiffness and damping of the radial contact collision model at the planetary gear bearing, respectively. θ spi is the initial phase angle of planetary gear relative to sun gear. R r is the radius of the ring gear. K Rc and D Rc are the nonlinear stiffness and the damping of the carrier output shaft and bearing radial contact collision model, respectively.
where Rp' and Rg' are the radius of driving and driven gear reference circle respectively. α′ is the actual pressure angle. θp and θg are the angular displacement of driving and driven gear, respectively. ebrpx and ebrpy are components of clearance vector ebrp in the x-axis and y-axis directions, respectively. ebrgx and ebrgy are components of clearance vector ebrg in the x-axis and y-axis direction, respectively. Finally, the backlash function fg (gt) is used to describe the motion state during gear meshing as shown in Equation (9):
In Figure 3 , there are np number of planetary gears. Each gear body j (j = s, pi, c) is modeled as a rigid gear radius Rj, angular displacement θj, and mass moment of inertia Ij. External torques Ts and Tc represent the input and output values. Between the planetary gear pi and gear n (s or r), KGnpi, DGnpi and bnpi are the periodically time-varying meshing stiffness, the viscous damper coefficient and backlash, respectively. α is theoretically pressure angle. KRpi and DRpi are the nonlinear stiffness and damping of the radial contact collision model at the planetary gear bearing, respectively. θspi is the initial phase angle of planetary gear relative to sun gear. Rr is the radius of the ring gear. KRc and DRc are the nonlinear stiffness and the damping of the carrier output shaft and bearing radial contact collision model, respectively. The equations of motion of planetary system are written as follows: The equations of motion of planetary system are written as follows:
In these equations, i = 1, 2, . . . , n p, and in Figure 3 , θ cpi (t) = θ pi (t) − θ c (t) represents rotation angle of planetary gear with respect to carrier. Here, I cp = I c + n p (I p + R c 2 m p ) is equivalent mass moment of inertia of carrier. In these equations, the radial collision stiffness K Rk (k = c, p i ) could be obtained by collision experiment of two spheres, it is defined as:
where, υ ik and E ik (i = b, j) are Poisson's ratio and elastic modulus of center element i, respectively. The variable b represents bearing, and j represents shaft. The damper coefficients of radial collision, namely, D Rc and D Rpi are defined as:
where c ek is the coefficient of restitution,
is the initial relative velocity at the collision location. The time-varying meshing stiffness K Gh (h = spi, rpi) between gear teeth is given by:
where, k Gmk is average meshing stiffness, k Gah is time-varying meshing stiffness, ω Gh is gear meshing frequency. ϕ Gh is initial phase of variable stiffness (ϕ Gh = 0 in general). D Gspi and D Grpi are the non-linear dampers of gear meshing. In order to prevent the discontinuity of damping force during the meshing process and avoid the phenomenon in which the impact force of linear damping model is not equal to zero in critical contact state, the nonlinear damping force can be expressed as:
where D Gmh is the maximum damping coefficient; d h is the maximum embedding depth and values as 0.1 mm, and β h is defined as β h = f gh (g th )/d h .
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Results
It is known that planetary gears are used in space manipulators and drive mechanisms, primarily for rotating motion of space mechanisms. As the kinematic accuracy and reliability requirements are extremely high in space mechanisms, the vibrations within joint, which are most likely to have a significant impact on the operational stability of the entire spacecraft, are not negligible. Therefore, in this section, the influence of multi-clearance coupling effects on vibration characteristics of a planetary gear drive is studied by analyzing the vibration characteristics of the planetary gear joint and the influence of velocity, clearance and load on its vibration characteristics. In this paper, the Newmark method is used to solve the dynamic model. This algorithm is unconditionally stable under certain parameters and is helpful to solve high-dimensional nonlinear differential algebraic equations. The radial and torsional acceleration curves of planetary gear train are obtained by simulation, and then the corresponding vibration spectrum is obtained by Fast Fourier Transform (FFT). To ensure the versatility of modeling and analysis methods, here, the main parameters of numerical simulation are referred to Kahraman's simulation case [11] , as shown in Table 1 . In order to get theoretical velocity of planetary gear and planet carrier, the general formula for planetary gear ratio calculation is as follows:
where, i c sr is the transmission ratio of the sun gear and the ring gear in inverted gear train. n s , n r and n c represent the velocities of sun gear, ring gear and planet carrier respectively. And m is the number of external meshing between sun gear and ring gear in the inverted gear train. z s , z r and z p represent the number of teeth of sun gear, ring gear and planetary gear, respectively, and the values are shown in Table 1 . Here, due to the ring gear is fixed, n c is taken as zero. To verify the reliability of dynamic model and calculation results, a verification simulation experiment was performed. When the ring gear and frame is relatively static, the sun gear velocity is taken as 30 • /s, and the theoretical value of planet carrier velocity is taken as ω c = 9.808 • /s. Under the same condition, the numerical results of planet carrier velocity is ω c = 9.809 • /s. It can be seen that the motion law of dynamic model in this paper is realistic and the accuracy of dynamic model is verified.
Analysis of Coupling Vibration of Transmission Joint
As the multi-clearance coupling relation in dynamic model of planetary gear drive joint is considered, there is a complex coupling vibration relation inside the transmission joint. Therefore, the next step is finding the coupling law of internal vibration of transmission joint by spectrum analysis. Here, assuming that the connection between sun gear and drive motor is ideal, there are four clearances in the drive joint, namely, the backlash between sun gear and planetary gear, taking b sp = 200 µm; the backlash exists between planet and ring gear, taking b rp = 200 µm. The radial clearance between the planetary gear shaft and bearing of the planet carrier, c cp = 200 µm; The radial clearance between planet carrier shaft and output bearing, c c = 200 µm. As the drive velocity of space mechanism is slow, the drive velocity of sun gear is taken as 30 • /s. Figures 4-7 show the vibration frequency spectra of the planetary gear in the case of an empty inertial load. Figure 4 shows the radial vibration frequency spectrum of the planet carrier's bearing, in which the abscissa represents frequency and the ordinate represents the amplitude, reflecting the radial vibration characteristics of the planet carrier relative to the bearing. It can be seen from the figure that the radial vibration frequency spectrum of the planet carrier mainly contains the frequency f r of radial clearance vibration, and the two times and three times the frequency of f r . Among them, the frequency of radial clearance is the vibration frequency of the rotating shaft and bearing in a continuous contact state, and in this case, f r = 0.87 Hz. In addition, this figure shows a higher harmonics of f r cause by the mutual coupling between the radial vibration of planet carrier and planet.
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Figures 4-7 show the vibration frequency spectra of the planetary gear in the case of an empty inertial load. Figure 4 shows the radial vibration frequency spectrum of the planet carrier's bearing, in which the abscissa represents frequency and the ordinate represents the amplitude, reflecting the radial vibration characteristics of the planet carrier relative to the bearing. It can be seen from the figure that the radial vibration frequency spectrum of the planet carrier mainly contains the frequency fr of radial clearance vibration, and the two times and three times the frequency of fr. Among them, the frequency of radial clearance is the vibration frequency of the rotating shaft and bearing in a continuous contact state, and in this case, fr = 0.87 Hz. In addition, this figure shows a higher harmonics of fr cause by the mutual coupling between the radial vibration of planet carrier and planet. Figures 4-7 show the vibration frequency spectra of the planetary gear in the case of an empty inertial load. Figure 4 shows the radial vibration frequency spectrum of the planet carrier's bearing, in which the abscissa represents frequency and the ordinate represents the amplitude, reflecting the radial vibration characteristics of the planet carrier relative to the bearing. It can be seen from the figure that the radial vibration frequency spectrum of the planet carrier mainly contains the frequency fr of radial clearance vibration, and the two times and three times the frequency of fr. Among them, the frequency of radial clearance is the vibration frequency of the rotating shaft and bearing in a continuous contact state, and in this case, fr = 0.87 Hz. In addition, this figure shows a higher harmonics of fr cause by the mutual coupling between the radial vibration of planet carrier and planet. Figures 4-7 show the vibration frequency spectra of the planetary gear in the case of an empty inertial load. Figure 4 shows the radial vibration frequency spectrum of the planet carrier's bearing, in which the abscissa represents frequency and the ordinate represents the amplitude, reflecting the radial vibration characteristics of the planet carrier relative to the bearing. It can be seen from the figure that the radial vibration frequency spectrum of the planet carrier mainly contains the frequency fr of radial clearance vibration, and the two times and three times the frequency of fr. Among them, the frequency of radial clearance is the vibration frequency of the rotating shaft and bearing in a continuous contact state, and in this case, fr = 0.87 Hz. In addition, this figure shows a higher harmonics of fr cause by the mutual coupling between the radial vibration of planet carrier and planet. Figure 5 shows the radial vibration frequency of the planetary gear relative to the bearing. The frequency fr of the radial clearance vibration is also included in the frequency spectrum for the planet shaft and the bearings are also in a continuous contact state at low velocity. Meanwhile, since the planetary gears are mounted on the planet carrier, the radial vibration of the planet carrier not only directly affect the radial vibration of planet as a whole, but also be affected by the radial vibration of the planetary gear bearings. In addition, due to the mutual radial vibration coupling between the planet carrier and planet, the radial vibration of the planet also shows two times the frequency fr. Figure 6 shows the frequency spectrum of torsional vibration of the planet carrier, which reflects the vibration characteristics in the direction of rotation when the planet carrier rotates at the output velocity. The rotary motion of the planet carrier is driven by meshing among the planet, sun gear and ring gear, so its torsional vibration characteristics are mainly related to the meshing frequency fm among gears. It can be seen from the figure that the torsional vibration frequency spectrum of the planet carrier includes the gear meshing frequency fm, 2 fm, 3 fm, and so on, where the amplitude of meshing frequency fm is the largest, and it is worth mentioning that a higher harmonics occurs due to the influence of time-varying meshing stiffness and backlash. Figure 7 shows the torsional vibration frequency spectrum of the planetary gear, which not only contains the gear meshing frequencies fm and 2 fm, but also reflects the frequency fr of the radial clearance vibration. It shows that radial vibration of planetary gears causes a change in backlash, resulting in dynamic backlash fluctuations that then influence the torsional vibration characteristics of planetary gears. It can be seen that although the radial and torsional vibrations of multi-clearance gear systems are not in the same direction, there is still a coupling relationship between them.
Effect of Velocity on Joint Vibration Characteristics
According to the analysis presented in the previous section, it can be seen that planet carrier is coupled with the planetary gear vibrations, and the radial and torsional vibration of the planetary gear itself also has a coupled relation. These coupling vibrations may cause resonance phenomena under certain conditions. Since the space mechanisms are operated under environmental loads and in diverse working states, the rotational velocities of transmission joints are quite different in order to accomplish different tasks like attitude-adjusting, tracking, pointing and so on, so this section analyzes the influence of rotational velocity on the vibration characteristics of joints. It reflects the variation of the vibration peak values of the system steady-state response at different velocities. It is assumed that the radial clearance of the joint interior and backlash are taken as 200 μm. In empty-load state, the velocity range is from 0°/s to 30°/s. The amplitude-frequency response curves of planetary gears are shown in Figures 8-11 . Figure 5 shows the radial vibration frequency of the planetary gear relative to the bearing. The frequency f r of the radial clearance vibration is also included in the frequency spectrum for the planet shaft and the bearings are also in a continuous contact state at low velocity. Meanwhile, since the planetary gears are mounted on the planet carrier, the radial vibration of the planet carrier not only directly affect the radial vibration of planet as a whole, but also be affected by the radial vibration of the planetary gear bearings. In addition, due to the mutual radial vibration coupling between the planet carrier and planet, the radial vibration of the planet also shows two times the frequency f r . Figure 6 shows the frequency spectrum of torsional vibration of the planet carrier, which reflects the vibration characteristics in the direction of rotation when the planet carrier rotates at the output velocity. The rotary motion of the planet carrier is driven by meshing among the planet, sun gear and ring gear, so its torsional vibration characteristics are mainly related to the meshing frequency f m among gears. It can be seen from the figure that the torsional vibration frequency spectrum of the planet carrier includes the gear meshing frequency f m , 2 f m , 3 f m , and so on, where the amplitude of meshing frequency f m is the largest, and it is worth mentioning that a higher harmonics occurs due to the influence of time-varying meshing stiffness and backlash. Figure 7 shows the torsional vibration frequency spectrum of the planetary gear, which not only contains the gear meshing frequencies f m and 2 f m , but also reflects the frequency f r of the radial clearance vibration. It shows that radial vibration of planetary gears causes a change in backlash, resulting in dynamic backlash fluctuations that then influence the torsional vibration characteristics of planetary gears. It can be seen that although the radial and torsional vibrations of multi-clearance gear systems are not in the same direction, there is still a coupling relationship between them.
According to the analysis presented in the previous section, it can be seen that planet carrier is coupled with the planetary gear vibrations, and the radial and torsional vibration of the planetary gear itself also has a coupled relation. These coupling vibrations may cause resonance phenomena under certain conditions. Since the space mechanisms are operated under environmental loads and in diverse working states, the rotational velocities of transmission joints are quite different in order to accomplish different tasks like attitude-adjusting, tracking, pointing and so on, so this section analyzes the influence of rotational velocity on the vibration characteristics of joints. It reflects the variation of the vibration peak values of the system steady-state response at different velocities. It is assumed that the radial clearance of the joint interior and backlash are taken as 200 µm. Figures 8 and 9 show the amplitude-response curves of the radial vibration of the planet carrier and planetary gear at different driving velocities, respectively. These graphs display the change law of the amplitude of frequency f r at different driving velocities. By comparing the two graphs, it can be found that vibration peaks occur at specific velocities. Both graphs show the vibration peaks' value are nearly equal at the same velocities. It shows that the radial vibration of the planet carrier is mainly caused by the radial vibration of planet. Compared to Figure 8 , there is a new vibration peak at a driving velocity of 17.5 • /s in Figure 9 . It can be inferred that this phenomenon is caused by the coupling effect of the radial vibration of the planet carrier and planet. Figures 10 and 11 show the amplitude-response curves of the torsional vibration of the planet carrier and planet at different driving velocities, respectively. It shows the change law of the amplitude of gear meshing frequency f m in the torsional vibration of planet carrier and planet at different driving velocities. As the curve shows, both graphs have vibration peaks when the driving velocity is close to 10 • /s and 27.5 • /s, and the same phenomenon can be found in Figure 11 . It can be proved that the coupling relation of torsional vibration between the planet carrier and the planet makes the resonance phenomenon occur in the system when the velocities are close to 10 • /s and 27.5 • /s. Similar to Figure 9 , a vibration peak also can be found when the driving velocity near 17.5 • /s in Figure 11 . It can be inferred that this phenomenon is caused by the coupling effect between the radial vibration and the torsional vibration of planet, when the driving velocity of the planet drive joint is close to 17.5 • /s.
Influence of Clearance Size on Joint Vibration Characteristics
From the dynamic modeling process, it can be seen that the clearance size is also one of the major factors which have an influence on the vibration characteristics of joint systems. On the basis of the above analysis, it can be concluded that the coupling relation of vibrations between the planet carrier and planet gear is a significant factor. The radial vibration of planetary gears also has a coupling relation with their torsional vibration. Hence, this section will analyze the influence rule of clearance size on the coupling vibration of joint, providing a theoretical basis for the design of the joint system and reasonable selection of the clearance.
First, we will analyze the influence of radial clearance size of the planet carrier and planet on the coupling relation of radial vibration, taking the driving velocity as 29 • /s, and the range of radial clearance of planet carrier and planet as 10 to 200 µm. The radial vibration response curves of planetary gears at different radial clearances are obtained, as shown in Figure 12. and Figure 8 , there is a new vibration peak at a driving velocity of 17.5°/s in Figure 9 . It can be inferred that this phenomenon is caused by the coupling effect of the radial vibration of the planet carrier and planet. Figures 10 and 11 show the amplitude-response curves of the torsional vibration of the planet carrier and planet at different driving velocities, respectively. It shows the change law of the amplitude of gear meshing frequency fm in the torsional vibration of planet carrier and planet at different driving velocities. As the curve shows, both graphs have vibration peaks when the driving velocity is close to 10°/s and 27.5°/s, and the same phenomenon can be found in Figure 11 . It can be proved that the coupling relation of torsional vibration between the planet carrier and the planet makes the resonance phenomenon occur in the system when the velocities are close to 10°/s and 27.5°/s. Similar to Figure 9 , a vibration peak also can be found when the driving velocity near 17.5°/s in Figure 11 . It can be inferred that this phenomenon is caused by the coupling effect between the radial vibration and the torsional vibration of planet, when the driving velocity of the planet drive joint is close to 17.5°/s.
First, we will analyze the influence of radial clearance size of the planet carrier and planet on the coupling relation of radial vibration, taking the driving velocity as 29°/s, and the range of radial clearance of planet carrier and planet as 10 to 200 μm. The radial vibration response curves of planetary gears at different radial clearances are obtained, as shown in Figure 12 . R a d i a l c l e a r a n c e o f p l a n e t c a r r i e r / μ m Am plit ude R a d i a l c l e a r a n c e o f p l a n e t a r y g e a r / μ m a Figure 12 . Radial vibration amplitude of planetary gears under different radial clearance.
In Figure 12 , the x and y axes represent the radial clearance of the planet carrier and planet, respectively, and z axis represents the amplitude of the frequency of the radial vibration. There are totally five major vibration peaks in Figure 12 In Figure 12 , the x and y axes represent the radial clearance of the planet carrier and planet, respectively, and z axis represents the amplitude of the frequency of the radial vibration. There are totally five major vibration peaks in Figure 12 . The a-point's vibration peak is highest when cc = 200 µm and ccp = 200 µm, and other vibration peaks are represented by b, c, d and e. It can be concluded that the size of radial clearance has a significant effect on the radial coupling vibration, and the system will resonate when the radial clearance displays a specific combination.
To study the influence of backlash size on the coupling relation of torsional vibration, we take the torsion vibration response curve of planet carrier as an example here. The driving velocity of the torsional vibration peak is taken as 27.5 • /s according to the analysis presented in the previous section. It is considered that b sp = b rp , and its variation range is 10 to 200 µm. The numerical calculation results are shown in Figure 12 .
In Figure 13 , the horizontal axis represents backlash, and vertical axis represents the amplitude of meshing frequency f m in torsional vibration of the planet carrier. It must also be noted that a vibration peak appears when the backlash is taken as 30, 100 and 180 µm. It can be seen that the effect of backlash size on the torsional vibration characteristics is very significant.
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Through the above numerical calculation, it can be found that there is a coupling relation between the planetary gear's radial and the torsional vibration. In other words, it indirectly verifies that the coupling between radial clearance and backlash is correct in the dynamic model. On the basis of the vibration characteristics of planet itself, this section aims to further study the influence of radial clearance and backlash's size on the coupling vibration. According to the analysis of Figures 9 and 11 , the driving velocity is taken as 17.5°/s for the radial and torsional vibration of planet shows a resonance phenomenon at this velocity, and the ranges of radial clearance and backlash of the planet are 10 to 200 μm, the amplitude variation rule of frequency fr of planets with different radial clearance and the backlash sizes is shown in Figure 14 . In Figure 14 , x-axis and y-axis respectively indicate the sizes of radial clearance and backlash of planet, and the z-axis represents the frequency's amplitude of the radial vibration of the planet. Through the above numerical calculation, it can be found that there is a coupling relation between the planetary gear's radial and the torsional vibration. In other words, it indirectly verifies that the coupling between radial clearance and backlash is correct in the dynamic model. On the basis of the vibration characteristics of planet itself, this section aims to further study the influence of radial clearance and backlash's size on the coupling vibration.
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In Figure 14 , x-axis and y-axis respectively indicate the sizes of radial clearance and backlash of planet, and the z-axis represents the frequency's amplitude of the radial vibration of the planet. There are five vibration peaks in the figure, and the a-point vibration peak is highest at c cp = 40 µm and b sp = b rp = 40 µm. It can be concluded that the sizes of the radial clearance and backlash have a significant effect on the coupling between the radial and torsional vibration of planet, and a large amplitude of vibration peak will occur when the clearance are in a specific combination.
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Influence of Load on Joint Vibration Characteristics
A typical spacecraft, such as a large space manipulator, will bear a certain inertial load during the execution of object-grabbing or object-transferring. The end of the satellite biaxial drive mechanism also has an antenna reflector, a camera or other loads. On the one hand these inertial loads are indispensable for the spacecraft; on the other hand, the vibration characteristics of joints will be affected during the course of motion due to the presence of inertial loads. Taking the single joint as an example, this section analyzes the influences of different inertial loads on the vibration characteristics of planetary gears. Here, the variation range of inertial load is taken as 0 to 100 kg·m 2 , the driving velocity is taken as 30 • /s, both the radial clearance and the backlash are taken as 200 µm, and the numerical calculation results are shown in Figures 15-18 . There are five vibration peaks in the figure, and the a-point vibration peak is highest at ccp = 40 μm and bsp = brp = 40 μm. It can be concluded that the sizes of the radial clearance and backlash have a significant effect on the coupling between the radial and torsional vibration of planet, and a large amplitude of vibration peak will occur when the clearance are in a specific combination.
A typical spacecraft, such as a large space manipulator, will bear a certain inertial load during the execution of object-grabbing or object-transferring. The end of the satellite biaxial drive mechanism also has an antenna reflector, a camera or other loads. On the one hand these inertial loads are indispensable for the spacecraft; on the other hand, the vibration characteristics of joints will be affected during the course of motion due to the presence of inertial loads. Taking the single joint as an example, this section analyzes the influences of different inertial loads on the vibration characteristics of planetary gears. Here, the variation range of inertial load is taken as 0 to 100 kg·m 2 , the driving velocity is taken as 30°/s, both the radial clearance and the backlash are taken as 200 μm, and the numerical calculation results are shown in Figures 15-18 . Figure 15 shows the change law of the frequency f r 's amplitude in the radial vibration of the planet carrier at different inertial loads. Since the inertial load is directly working on the planet carrier, with the increase of inertial load, the radial vibration amplitude of the planet carrier increases and the radial vibration will be more intense. This phenomenon is caused by the increase of inertial load, and the radial vibration of planet carrier can be alleviated only by reducing the inertial load. Figure 16 shows the change law of planetary gear radial vibration with different inertial loads. It can be seen from Figure 16 that the radial vibration amplitude of the planetary gear is reducing with the increasing inertia load. The reason is that the planet carrier is in a free vibration state in the radial direction without the inertial load, and four planetary gears mounted on the carrier are vibrating with the vibration of the planet carrier. When the system bears an inertial load, the joints are subjected to inertial forces in the radial direction, but the four evenly arranged planetary gears which are in the circumferential direction of planet carrier will dynamically balance the radial forces. In this condition, the changes of all planetary gear's radial force are quite stable, and then the radial vibration of planetary gears will be reduced. Figure 15 shows the change law of the frequency fr's amplitude in the radial vibration of the planet carrier at different inertial loads. Since the inertial load is directly working on the planet carrier, with the increase of inertial load, the radial vibration amplitude of the planet carrier increases and the radial vibration will be more intense. This phenomenon is caused by the increase of inertial load, and the radial vibration of planet carrier can be alleviated only by reducing the inertial load. Figure 16 shows the change law of planetary gear radial vibration with different inertial loads. It can be seen from Figure 16 that the radial vibration amplitude of the planetary gear is reducing Figure 15 shows the change law of the frequency fr's amplitude in the radial vibration of the planet carrier at different inertial loads. Since the inertial load is directly working on the planet carrier, with the increase of inertial load, the radial vibration amplitude of the planet carrier increases and the radial vibration will be more intense. This phenomenon is caused by the increase of inertial load, and the radial vibration of planet carrier can be alleviated only by reducing the inertial load. Figure 16 shows the change law of planetary gear radial vibration with different inertial loads. It can be seen from Figure 16 that the radial vibration amplitude of the planetary gear is reducing with the increasing inertia load. The reason is that the planet carrier is in a free vibration state in the A similar phenomenon to the one seen in Figure 16 also could be seen in Figures 17 and 18 , in which the torsional vibrations of planet carrier and planetary gear are reduced as the inertia load increases. One reason is that the increase of inertia load results in the raise of gear meshing force and fewer off tooth and tooth back impacts. Another reason is that the dynamic backlash's changes are weakening at any time due to the weakness of the radial vibration of the planetary gear, and the gear meshing process is more stable.
Conclusions
This paper sets up a new nonlinear dynamic model of planetary gear joints, in which the radial clearance of bearings, dynamic backlash and time-varying meshing stiffness are considered. The effects of multi-clearance coupling on the vibration characteristics of driving joint planetary gears are analyzed. In this paper, a coupling effect of the internal vibration of the transmission joint is found in the frequency domain. The effects of velocity, clearance size and load on the joint vibration characteristics of planetary gear drives are analysed. The conclusion of the current study can be summarized as follows:
• At some specific velocities, resonance may occur between the vibration of the planet carrier and the planetary gear, and there is a coupling relation between the radial and torsional vibrations of the planetary gear itself; •
The clearance may cause nonlinearities in the system dynamic and changes in the vibration amplitude. Vibration peaks occur when the radial vibration of the planet carrier and planetary gears have specific radial clearance sizes. The change of backlash size causes a torsional vibration peak between the planet carrier and planetary gear. The radial and torsional vibration of planetary gears also produce a vibration peak with certain radial clearance and backlash combinations; • Due to the special structure of planetary gears, the radial vibration amplitude of the output will increase when the load is heavy, but the amplitude of torsional vibration will decrease. Therefore, when the inertia load is heavy, the system's rotation accuracy and stability are good, but when in empty-load or light-load states, the operating strategies also need to be adjusted to ensure operational reliability.
